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ABSTRACT

Stacking interactions in free bases were computed on the
basis of molecular association. The results of the calculations
were compared with the stacking patterns observed in a few single
crystals of nucleic acid components as examples. The following
are the conclusions& (i) there can be two types of stacking
pattern classified as normal and inverted types for any two inter-
acting bases and both can be energetically favourable (ii) in
both the types the stacking interaction is a combined effect of
the overlap of the interacting bases and relative positions and
orientations of the atomic centres of the two bases (iii) crystal
symmetry and H-bonding interaction may influence stacking patterns.

INTRODUCTION

It is well known that base-base interactions play a dominant
role in stabilizing the secondary structure of nucleic acids. As
a part of a program of elucidating energetically favourable
structures for double-stranded polynucleotides, an investigation
of base-base interactions was undertaken. This was done in two
partss interactions (i) in free bases* and (ii) in nearest nei-
ghbouring bases in regular polynucleotides (both single- and

double-stranded). In this paper, we present the results of our

calculations on stacking interactions in free bases. These have
been compared with the stacking atrangements as found in single
crystals.

Calculations of base-base interactions have been reported
earlier1'2 for Watson-Crick type of base-pairing in the double-

* Free basea two interacting bases not covalently linked by a
sugar-phosphate backbone.
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helical geometry as given by Langridge et al.3 To the best of our
knowledge, the interactions for various relative positions and

Orientations in all possible combinations of the bases have not
been reported, except for the stacking of adenine bases in cry-
stals4. So as a prelude to the study of base-base interactions
in polynucleotides, we felt that it would be worthwhile to ana-
lyse the stacking patterns in free bases. In the subsequent
paper, we will deal with the base-base interactions in polynuc-
leotides (both single- and double-stranded).

METHOD OF CAICULATIONS
The base stacking between two bases has been referred to as

the interaction between any two bases which are parallel or rou-
ghly so. Apart from the nature of the bases involved, the stack-
ing interactions essentially depend on the interplanar distance
between the bases at vertical planes and the relative positions
and orientations of two interacting bases. These interactions
can be calculated either in the monopole-monopole approximation2
or in the dipole-dipole approximation . Following the monopole-
monopole approximation, the following four contributions to sta-
cking interactions have been considered.
Monopole-monopole interactions The bases with polar substituents
have appreciable fractional charges which are asymetrically dis-
tributed. Using the point charge approximation, the monopole-
monopole interaction is given by

EMMZ=E I....... (1)

iSA, iJ
JeB

where qi is the charge on the ith atom of the base A, qj is the

charge on the jth atom of the base B, rnj the distance betweer.
the ith atom of A and Jth atom of B.

Monopole-induced dipole interactions The nucleic acid bases hnve
polarizable rings and as such the point charges of the one base
can polarize the other base and vice versa. The point charges in
one base together can induce a dipole moment in the other base
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and a dipole, so generated, can interact with the point charges
to which it is due. The interaction depends on the molecular

polarizability of the base involved and the point charges at the

atomic centres. The expression is given by

EMD = - ( aA 1 + 3 ) (2)

where aA and aB are the molecular polarizabilities of A and B

respectively.

o v ~qj
1 = : - RA,j

RAA

is the dipolar electric field at a point in A due to the J

charges in B at corresponding distance RA J. Similarly, for

qi
RB,i2~~R3

icA

aA and aB are taken to be average isotropic molecular polarizabi-
lity. This is a valid approximation since the calculations car-

ried out by Pullman and Pullman2 using both isotropic and aniso-

tropic polarizabilities have indicated nearly the same results.

London-dispersion Interactions Treating the base-base interaction
as a molecular association, the above two types of interactions

depend on the point charge distribution at the atomic centers of

the bases. Since the charge distribution is not symmetrical, the

interactions do not cancel out to zero. There is also a symmet-
ri'-al type of interaction which does not depend explicitly on the

charge distributions at atomic centers of the base, and the Lon-

don-dispersion force is one such type of symmetric interaction.
The charge distribution in a molecule is the same as elec-

tron distribution and the electrons are not stationary but osci-

llate about a mean position such that the time and space average
of the charge distribution gives net zero charge for the molecule

at the mean position for an external observer. When two bases

approach each other there are forced oscillations. That is,
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one charge distribution oscillates in the field of the other

and vice versa, giving rise to the well known London-dispersion
forces due to the formation of a weal£ coupling between the two.
Assuming that the charge distribution of the bases are due to an

effective dipole, expression for the London-dispersion interaction

is given as

3VA VB 1
3
0I (3)EI,D = "-ESA 'XB lV +VB R6

where RAB is the distance between the centres of the dipoles, in

our calculation. VA and VB are the ionization potentials of the

bases A and B respectively.

Repulsive Interactions Two charge distributions cannot occupy

the same place the same time. Therefore, there is a repulsive
interaction between the two molecules which limits the closest
possible distance R between the two. IThe exact quantitative
nature of molecular repualsion being not available, we have taken
a trial function,

D

"RP = 1Z 9*O@@ (4)

and this interaction is also a symmetrical one as the London-
dispersion interaction. The constant D is evaluated as follows.

Taking the symmtrical interaction as Esym = (ERp + ELD)f
it is evident that this interaction is dependent on the geometri-
cal overlap of the two bases at a given distance. This inter-

action will be maximum for maximal geometric overlap. Thus,

Esym will be maximum attractive when the bases are placed on top
of each other such that the vertical distance R0 is close to

twice the average van der Waal radii of the atoms of the base.

If the average van der Waal diameter is 3.35 i then D is given
by

(-sy) = - 0Ro6 - 2D
~8RAB Ro

then,
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C R6 VA VB
D 2 with C -

V

(4a)
2 =-- O'A "B

VA+VB
It is to be noted that neither Devoe and Tinoco1, nor

Pullman and Pulman2 have considered the repulsive interaction.
Obviously, they did not consider this necessary for calculations
with fixed positions of the bases in single- or double-helical
polynucleotide chains. However, Cleverie4 et al. have consider-
ed the repulsion between two bases via atom-atom interaction.
For the sake of simplicity, we have, as stated above, considered
the repulsion term on the basis of molecular repulsion. Thus
the total interaction, which is the sum of the four individual
contributions mentioned above, is given by, E = EMM+D+ELD45ERP.
The total interaction was considered in vacuum.

PARAMETERS VARIED IN THE CALCULATIONS

Relative positions and orientations of the two bases were
varied with respect to four independent parameters as described
in Fig.l. The parameter Idt is varied from 40A to 2.8°A. For
a given (R,e,$) the total energy 'El is always minimum around
d = 3.30A - 3.40A, due to the particular choice of the constant
'Di in the expression (4). This, in fact, is c9nsistent with
the interplanar distance between two interacting bases in verti-
cal planes, as observed in single crystals. Thus in this paper,
we report interaction energies corresponding to d ' 3.4°0A,. The
parameter 'R' was varied within a range such that there was

always some geometric overlap between two interacting bases.

For this purpose, two representative values of R, viz. R = 3.540A
and R = 3.7°A, were chosen. Both e and 0 were varied, at inter-

vals of 300, within a range between 0° to 3600. In tables I(a)
amd I(b), total interaction energies are given for various coma-
binations of interacting bases, for 0 and 0 at intervals of 900.
In the range of 900, the total energy of interaction is mono to-
nic and does not undergo sharp fluctuations.

Most of the crystals of purines, pyrimidines, and related
nucleosides and nucleotides are found either in mono-clinic
or orthorhombic systems. So, for a single molecule in the
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z
z 4

x I

R gd

Pig.l s Four parameters varied in the calculation
d = Vertical distance between two bases stacked at parallel

planle s.

R = Centre to centre distance between the two bases.
= Angle in projection between two Cll-N bonds of the

two bases, as shoim.
= Angle in project, between R and Cl'-N bond of the

lower base, as shown.

asymmetric unit, crystal symmetry demands that 0 can be either
00 or 18000 So in such cases, >-rotation plays a very important
role for a given set of d and R. It picks up energetically most
favourable stacking pattern corresponding to 0 = 00 or 1800. On

the other hand, when we have phospho-diester backbone covalently
linking two neighbouring bases separated by interplanar distance

of 3.20A - 3.40A, 0 = 00 or 1800 orientation is stereochemically
impossible. In fact, we have found that the regions around

0 = 600 and 3000 for go=900 and 2700 are stereochemically feasi-
ble. Thus, stacking interactions corresponding to these regions
are relevant for regular polynucleotides.
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BASE STACKING PATTERNSI NORMAL AND INVERTED TYPESs

For a given set of d,R,O and 0, there can be two arrangements
of stacked bases in vertical planes. These two types of arrange-
ments are shown in Figs. 2a and 2b. For purines atoms Cl , Ng and

Ii~~~~~~~~~c
C~~~\,v~~~~~~~~~~ ' w

(a)

ci' ci

(b)

Fig.2 : Schematic representation of normal and inverted stacking.
a) Normal stackings by making 0 equal to 00 and adjusting R

and p, the two Cl'-N bonds can be brought into coincidence

and the two reference atoms C either coincide (for two
identical bases) or lies on the same side of Cl'-N bond
(for non-identical bases).

b) Inverted stackings by making 0 equal to 00 and adjusting
R and 0 the two Cl -N bonds can be brought in coincidence
but two reference atoms C lie on opposite sides of Cl'-N
bond.
reference atom C will be C6 in the case of pyrimidines and
C8 in the case of purines, similarly N will be N9 for
purines and Nl for pyrimidines.
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C8 were chosen as reference atoms and for pyrimidines they were
atoms Cll, Nl1 and C6. In normal stacking (Fig.2a), for two
interacting pyrimidines (purines), the 011-Nl (011-N9) bonds,
can be made to coincide such that the 06 (08) atoms of the two
bases lie on the same side of 0l1-Nl (Cll-N9) bonds, by making
O = 00 and followed by appropriate translation or vice versa.
In the case of an inverted stacking arrangement (Fig.2b), one
of the bases is rotated by 1800 about Cl1-NI or Cl'-N9 bond as
the case may be from the normal type. Therefore, for such a
stacking pattern, although the two Cl'-Nl bonds for pyrimidines
or Cl'-.9 bonds for purines can be brought to coincidence with
the reference atoms C6 or C8 lie on the opposite side of Cll-Nl
or Cl0-N9 bond.

RESULTS:

The results of the calculations performed on G-G,A-A,T-T
and C-C interactions for two types of stacking arrangements are

presented in this section. And subsequently, the stacking
arrangements, for two types corresponding to minimum energy are
compared with the stacking patterns observed in single crystals
of nucleic acid components. The calculations of stacking inter-
actions between non-identical bases viz. G-C,A-T,A-G and C-T are

in progress and will be reported later.
Calculations were done with methylated bases at the N-9

position for purines (A & G) and at the Ni position for pyrimi-
dines (T & C). This was done so that free bases and bases in
polynucleotides will have the same charge distribution. Hence,
unless otherwise mentioned, whenever we state A,G,T & C we mean

methylated bases. For a few specific cases the calculation was
also done for nonmethylated bases.

Systematic features of stacking interactions for different
bases are presented below.

G-G Stacking:

For normal stacking table (I(a)) energy minimum was obtained
for 0 = 1800 andJ = 00, this arrangement is shown in Fig.3(a).
Energy minimum due to inverted stacking (see table I(b)) corres-
ponds to 0 = 00 and p = 1800 (Fig.3(b)). In the crystal struc-
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Table Ias Normal Type

00 90 180a 270°

0° +2.0(+2. 6) -11.7(-12.0) -14.0(-13. 3) -9.0(-11.0)

GG 90° +1.0(+1.8) -13.0(-14.0) -7.1(-9.6) -11.1(-13.0)'
Stacking 1800 40.0(40.9) -1l..5(-13.2) -9.0(-11.6) -13.8(-14.7)

2700 +1.4(+2.0) -9.9(-11.9) -12.4(-12.7) -10.4(-12.3

00 -7.9(-7.8) -11.0(-12.1) -8.6(-10.4) -9.3(-10.9)

900 -6.6(-7.2) -8.8(-10.3) -8.4(-9.7) -9.6(-10.8)
A-A 1800 -6.6(-7.2) -8.3(-9.9) -8.9(-10.4) -8.8(-10.4)

2700 -9.0(-9.9) -10.3(-11.4) -12.5(-13.2) -10.7(-11.5)

00 -1.5(-1.4) -6.9(-7.4) -7.7(-7.7) -4.9(-5.8)

T-T 900 -1.0(-1.2) -5.0(-6.0) -3.0(-4.6) -7.5(-7.8)
Stacking 1800 -1.4(-1.4J -1.9(-3.7) -3.7(-4.8) -4.4(-5.6)

2700 -0.2(-0.6) -5.6(-4.6) -5.1(-6.3) -3.6(-1.7)

00 +4.8(45.2) -7.7(-8.8) -10.5(-12.0) -8.0(-8.8)
900 +3.5(+4.8) -5.8(-7.2) -15.9(-16.4) -7.2(-8. 3)

Stacking 1800 +5.3(+4.6) -5.4(-6.9) -14.0(-15.8) -5.9(-7.3)
2700 +2.7(+4.1) -8.2(-9.0) -7.2(-9.8) -6.2(-7.5)

Table lbs Inverted Type

00 900 180° 270'

00 -10.0(-11.1) -2.7(-2.2) -3.3(-5.1) -13.4(-14.0
G-G 900 -8.1(-10.1) -2.7(-6.7) -5.9(-6.2) -14.6(-15.0

Sta-cking180o -12.0(-12.8) -3.5 (-3.8) -5. 3(-6. 5) -11.8 (-13.1

2700 -12.0(-12.7) -3.6(-4.0) -5.6(-6.0) -10. 6(-12.1)

0° -9.9(-11.1) -10.0(-11.7) -7. 9(-9.3) -9. 3(-8.8)
A-A 900 -8.5(-9.8) -8.9(-10.3) -8.3(-9.5) -7.9(-8.7)

St,cking18oo -8.7(-10.0) -7. 9(-10. 3) -8.3(-9. 6) -6. 6(-7.7)

2700 -11.3(-12.1) -11.0(-11.2) -10.8(-U .2) -9.0(-9. 3)

00 -4.1(-4.6) -3.2(-3.8) -8.0(48.1) -5.9(-6.8)
T-T 900 -4.6(-5.1) -1.1(-2.1) -4.4(-5.9) -6.2(-6.6)

Stackingl8oo -4.0(-4. 5) -O.5(-1. 6) -2.5(-4.4) -2.8(-6. 4)
270°0 -1.5 (-3.0) -3.0(-3. 6) -3.7(-5.3) -2. 2(-6. 3)

00 -12.8(-13.4) -6.2(-7.0) -2.7(+.27) -6.7(-6.1)
C-C 900 -16.5(-16.0) -6.5(-7.0) +0.9(+2.6) -4.4(-6.2)

Stacking18oo -12.1(-13.0) -6. 6(-7.0) +5.1(+4.1) -6. 6(-7. 7)

2700 -6.4(-8.9) -6.4(-7.1) +1.1(+1.9) -7.4(-8.4',)

Stacking energies in K calories per 2 moles of bases corres.

ponding to d = 3.40A and R = 3.70A. Energy values given within

the brackets correspond to d = 3.4O and R = 3.54°A0
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(a) (b)

Pig.3 s Examples of G-G stacking patterns and the corresponding

interaction energies.
a) Normal stacking pattern corresponding to minimum en-rgy;

stacking energy, E = -14.OKcal/2 moles; stacking parr-.

meters, d = 3.40A, R = 3.70A, = 1,800 and 0 = 00.

b) Inverted stacking pattern corresponding to minimum energy;

observed in guanosine5; stacking energy, E = -12.0
Kcal/2 moles; stacking parameters, d = 3.4°A, R = 3.70Ap

and , 2700.

ture of guanosine5, such a pattern of inverted stacking is
observed which forms a H-bonded network. In the case of normal
stacking, the arrangement (Q = 1800 and 0 = 00) corresponding to
niniinum energy cannot offer such a H-bonding scheme in keeping
with the crystal symmetry. However, such a H-bonded network is
possible for normal stacking when = 00°and p 00 with non-

methylated guanine6. In the co-crystal of 9-Et G+5-Met C7 (lal
complex), normal stacking arrangement for e = 1800 and 0 = 900
orientation is found. Such an arrangement is further stabilized

by Watson-Crick base-pairing between G and C.

A-A Stacking$

From table I(a), it is seen that energetically most fAvoured

normal stacking arrangement is obtained for e = 1800 and / = 2700.
The stacking pattern is given in Fig.4(a); it is identical with

the stacking arrangement in the crys tal structure of 9-Met-AA
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0 80and 0 =900

c) INverted stacking pattern; observed in9EApU10 int-o5As

llcmlxistackin energy,=-1.1Kc=/ stacking para-t

meters,g da= ameterstR d= =335 40 At R = 7 0An = 00.

) Inverted stacking cortrespondingvto minimpUm1 energy;o stack

ing energy, E -11.3 Kcal/2 moles; stacking paraineters,

d 3.40A, R= 3.70A, 0 = 00 and 0 = 2700 .
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Although the normal stacking arrangement for Q = 1800 and = 90
orientation (see Fig.4(b)) has lower stabilization energy (see
table I(a)), the crystal structure of 9-Et-A + 1 Met-5-FU9, has
this orientation of the adenine molecules due to Hoogsteen type
of base-pairing between A and U. Inverted stacking is observed
in the crys tal structure of ApU10 between two neigbbouring
adenine molecules, in the structurel such a pattern is shown in
Fig.4(c). Energy of stacking interaction corresponding to such
an arrangement is within 1 kcal from the minimum energy (table
I(b)). Inverted stacking pattern corresponding to minimum energy
is given in Pig.4(d). Both normal and inverted stacking pattern
corresponding minimum energy, can offer the same H-bonding net-
work as observed in 9-EtA. However, close packing is only obser-
ved for normal stacking.

T-T Stakings

Energy minim for the normal stacking corresponds to
(0 = 1800, $ - 0°) orientation, as seen from table I(a) the stac-
king pattern is identical with those observed for the crystal
structure of l-Met+9-EtA11 (11 complex) as mentioned in
Fig. 5(a). Hoogsteen base-pairing between A and T further stabi-

CH3
02 02 02 " H

&,--N3C2 C2, C6

C1'---%C4 ,C---i C1'N1 Ni- C1

H /H_*/ \ b2CH3 CH3 CH3
(a) (b)

Fig. 5s Examples of T-T stacking patterns and the corresponding
interaction energies.

a) Normal stacking pattern corresponding to minimum energy;
observed in 9-EtA+1-MetT11 (1 1 complex); stacking energy,
E = -7.7 Kcal/2 moles; stacking parameters, d = 3.4°A,
R = 3.7°A, e = 1800 and 0=00.

b) Inverted stacking pattern corresponding to minimum energy;
stacking energy, B = -8.0 Kcal/2 moles; stacking para-
meters, d = 3.40A, R = 3.7A, 0 = 1800 and $ = 00.
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lizes the stacking pattern. Stacking arrangement of T-monohydr-

ate12 is of normal type, but it takes up (0 = O, = 900) orien-

tation where bases are very poorly stacked. The stacked bases

gain energy due to a series of H-bonds. Such a H-bonding scheme

is not possible for methylated thymine. It is seen from table

I(b), that the minimum energy for inverted stacking arrangement

is obtained for (0 = 1800, 0°) orientation (Pig.5(b)) where

H-bonding is possible between the bases.

-C-C Stackings

Table I(a) shows that for normal stacking, mlnimum ener'gy

corresponds to (0 = 1800, = 900) orientation as shown in Fig.

6(a). Such an arrangement is again stabilized by Watson-Crick
base-pairing between G and C. Although, for normal stacking for

= 00 for all %, is energetically unfavourable, such a stacking

pattern is observed for non-methylated cytosine due to formation
of a H-bonded network. For inverted stacking (0 = 00,O s 900)

C1'
H ,H Ci' C1I

H 0 H X

0 0~~~,2 H
S2 HQ***N1N1

4 %1 H

N3' I CC5C''-
C5 N3

H Co3,13'

02
Nl H
N4~~~~~~~~~

Cl H H.H~
(a) (b)

Fig. 6aExamples of C-C stacking patterns and the correspending
interaction energies.

a) Normal stacking pattern corresponding to minimum energy}
obServed in 9-EtG+l-MetC7 (lil complex); stackingenergy=

= -15.9 Kcal/2 moles; stacking parameters, d = 3.40A

b) Inverted stackin pattern corresponding to minimium energy;

13
observed in C-monohydrate I stacking energy, E =1.
Kcal/2 moles; stacking parameters, d = 3.40A, R 3.7°A,

= o ndp=
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orientation correspond to minimum energy of interaction, such
a stacking pattern is shown in Fig.6(b).

Conclusionst

The main conclusions from the present study are as followss
(i) We have defined two types of stacking patterns, normal

and inverted, ihich are energetically almost equally favourable.
Both the types are seen in A-A, G-G, T-T and -C0 stacking arran-
gements in single crystals.

(ii) Stacking interaction depends upon two factors, namely,
geometric overlap (decided by d & R) of the stacked bases at
vertical planes which contributes to Esym = BD + 3RP and the
relative positions and orientations of the atoms (dependent on
Q & % for a given d & R) of the stacked bases which govern

3asym = BE + BUD. For a given geometric overlap, we can have
different relative positions and orientations of the atoms in
the two bases. In some orientations, Basym can be attractive
and in some other it can be repulsive, whereas Bsym is always
attractive for the values of D, R chosen. Therefore, the stack-
ing interaction becomes a combined effect of Bsym and Easym-
That is the reason why we see a variation of total stacking
energy 'Et for various (0,0) at a given set of d,R. Most favour-
able stacking interaction at a given (d,R) is due to the most
attractive Basym This occurs mostly because of the proximity
of unlike charges in the two bases. Thus, highest geometric
overlap between the bases need not necessarily mean the most
favourable stacking interaction.

(iii) H-bonding plays an important role in deciding a stack-
ing pattern. H-bonding can have compensating or additive effect.
For example, it has a compensating effect in stabilizing a stack-
ing pattern otherwise unfavourable (viz, stacking of nonmethyla-
ted T-T, C-C and G-G). In such cases, stacking patterns corres-
ponding to minimum energy fail to offer such a H-bonding scheme,
so that the total energy of stabilization in the former is always
higher. In some cases (viz. G-G stacking in guanosine etc.),
H-bonding serves an additive effect. Here, stacking pattern
corresponding to minimum energy can also form a neat H-bonding
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network consistent with the crystal symmetry. But in the cases

where we have no compensating feature like H-bonding, the stack-

ing patterns invariably correspond to minimum energy (or close

to it) (viz. G-G inverted stacking in GpC14, A-A inverted

stacking in ApU etc.).

There are two major restrictions on the stacking pattern of

free bases in crystals, namely, crystal symmetry and H-bonding.

On the other hand, the stereochemistry of the backbone and

H-bonding impose restrictions on the stacking patterns of bases

in the nexit paper.
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